Relatively few genome-wide population studies of field-acquired insecticide resistance have been carried out on agricultural pests. We utilized the navel orangeworm (Amyelois transitella), the main insect pest of almond orchards in California, to study the short and long-terms effects of heavy insecticide usage in the population genomic landscape of insects. We re-sequenced the genomes of three contemporary A. transitella natural populations differing in resistance status and characterized its population genetics parameters. We detected an exceptionally large selective sweep present in all populations. This sweep has virtually no polymorphisms and extends up to 1.3 Mb (spanning 43 genes) in the resistant population. We analyzed the possible causes of this unusually strong population genetic signature, and find genes in the sweep that are associated with DDT and pyrethroid resistance. Moreover, we found that the sequence along the sweep is nearly identical in the genome assembled from a strain founded in 1966, suggesting that the underpinning for insecticide resistance may have been laid a half-century ago when the California Central Valley experienced massive use of DDT, or that DDT residues in the soil may still be at play as a selective pressure. Our findings show the effects of insecticide applications in genomes of agricultural pest. We show that insecticide application in this species has probably evolved as a stacking of selective pressures that started decades ago and which effectively reduced variation in a region that includes several genes that confer resistance to insecticides that share a mechanism of action.
Background:
Since the rapid post-World War II expansion of the use of synthetic organic insecticides, more than one thousand individual cases of resistance involving more than 500 arthropod species have been documented [1, 2] . Many of the underlying genetic mechanisms of metabolic resistance and target site insensitivity have been associated with individual genes [3, 4] . Sufficiently intense pesticide selection, however, can result in acquisition of multiple resistance mechanisms within target pest populations and are associated with multiple genes and larger genomic regions.
Studies of selection for insecticide resistance at the genomic scale have been focused mainly on drosophilid model species [5] [6] [7] or medically important mosquito species [8] [9] [10] . Relatively few genome-wide population studies of field-acquired insecticide resistance have been carried out on agricultural pests, a surprising omission given the frequency and economic consequences of resistance evolution in insects.
The primary insect pest of California almonds (Prunus dulcis), a >$ 7 billion industry, is the navel orangeworm (Amyelois transitella, Lepidoptera: Pyralidae). In addition to almonds, the highly polyphagous A. transitella also causes significant losses in other nut and fruit tree crops, including pistachios (Pistacia vera), walnuts (Juglans spp.), and figs (Ficus carica). Nut crops are vulnerable to oviposition by A. transitella adults and damage by larvae when kernels are exposed at hull split. Beyond this direct damage, the navel orangeworm is a facultative mutualist of the fungal pathogen Aspergillus flavus and, by serving as a vector, can increase the likelihood of contamination by aflatoxins, reducing crop quality and marketability [11] . Adding to its potential for causing economic losses is the fact that, in California, A. transitella is multivoltine, with up to four generations per year depending on weather.
Insecticides have been used intensively in almond orchards to protect them from the navel orangeworm, and these are generally applied at hull split to reduce feeding damage, and up to three times over the course of the growing season. Although insecticides approved for use include representatives from five structural classes, pyrethroids have been widely used due to their low cost and high efficacy. Prior to 2013, insecticide resistance was not known to occur in navel orangeworm populations; in 2013, however, ten-fold resistance to bifenthrin was documented in populations in Kern County [12] .
Taking advantage of the recent sequencing of the A. transitella genome (http://i5k.github.io/), we used a population genomics approach to locate regions of the genome under insecticide selection; We evaluate nucleotide diversity and genomic differentiation across windows of the genome in three modern populations of this species. Additionally, we characterize the population genomic parameters in families of genes whose members are usually involved in detoxification processes. In the process, we detected an extremely large selective sweep across all the sequenced populations. We analyzed the mutations on genes along the sweep and compare those the reference genome to find that the reference genome, from a laboratory strain founded in 1966, has an almost identical sequence along ~0. 6 Mb of the sweep.
We review patterns of pesticide use in the Central Valley to understand the origins of this selection signature.
Results:

Genome re-sequencing and population genomics parameters:
One hundred individuals from each of three navel orangeworm populations from the Central Valley were sampled and sequenced in pools. Two populations were collected in Madera County: one from almond orchards (ALM), and one from figs (FIG) . Both populations displayed field susceptibility to bifenthrin at the time of collection. A third population was sampled from Kern County almond orchards where resistance to bifenthrin was first reported (R347) The sequencing resulted producing over 700 million 150 nt-long paired reads with an average Phred quality score higher than 30 throughout each read and resulted in roughly 82X coverage of the 409-Mb A. transitella genome for each of the strains sequenced (Supplementary Material, Table   S1 ).
The reads were mapped to our A. transitella reference genome, which was sequenced from a laboratory strain (SPIRL-1966 Figure S1 ).
Selective sweeps are the result of beneficial mutations that rapidly became fixated in the population and carried along neighboring variants, resulting in a local loss of heterozygosity; in a complete hard sweep heterozygosity reaches zero at or very close to the causative mutation [13, 14] . To further narrow down the causative mutation that could have generated the observed pattern, the Tajima's π metric was re-calculated on a gene-by-gene basis (where the length of the window to account for variable nucleotides is equal to the length of the gene) on the predicted gene models across the entire NW_013535362 scaffold. Of the 190 annotated gene models, 170 had enough sequencing coverage to calculate nucleotide diversity at the set cut-offs. In the ALM population, nucleotide diversity reached zero (π = 0) at the protein kish-A gene (XM_013328236.1), with no SNPs detected along this coding sequence, followed by the voltagegated sodium channel "para" (XM_013328250.1), with a single SNP. In the FIG population, the lowest π value (0.0001) was also found in para, followed by the gene encoding the cytochrome P450 CYP6B56 (XM_013328369.1). In the R347 strain, π was zero at the gene coding for CYP6B56, followed by the gene coding for "protein Ariadne", a putative RING-type transcription factor ( Table 2 ). The coverage and number of SNPs for each of the genes in the scaffold is detailed in Supplementary Material, Table S2 ).
We then manually screened the few nucleotide variations along the region where all three populations have near zero π values. Only two genes had non-silent mutations in all or in a portion of the reads covering the position across the three populations. One of these was the para gene (which also showed Tajima's π values equal to zero), with the mutation L934F. All three populations carried the mutation in 100% of the sequenced reads covering the position, in contrast with the reference genome ( Figure 2 , panel A). This mutation corresponds to the known kdr ('knock down resistance') mutation that confers target site resistance to DDT and pyrethroids [15] in multiple insect species [16] [17] [18] [19] [20] . Although the reference genome shows nearly identical nucleotide sequence along para, it does not have the kdr mutation. In the absence of population level data, we confirmed that the reference strain did not carry the kdr mutation by re-sequencing the region flanking this mutation on ten SPIRL-1966 individuals collected in 2012 and preserved in our laboratory (Supplementary Material, Figure S2 ). A second gene encoding a Krüppel-like-9
factor (KL-9) had non-silent mutations segregating in 82% and 91% of the sequenced reads from ALM and FIG, respectively, and in only 9% of the reads in the resistant R347. KL-9 overlaps the region where all three populations have low diversity and the region where only the R347 strain has reduced π values ( Figure 1A , Figure 2B , and Supplementary Material, Table S3 ).
We then calculated nucleotide diversity in the mRNA sequences of members of four detoxification gene families whose members might be involved in insecticide resistancecytochrome P450s, glutathione-S-transferases (GSTs), ABC transporters, and carboxylesterases (COEs) -across the whole genome. The calculation of Tajima's π in this case used the gene length as window size. In addition to the three P450 genes located in the selective sweep, 57 other P450 genes had enough read coverage to calculate nucleotide diversity according to our set cut-offs. The R347 population showed a low π (i.e., less than half the median of the three The F ST method may not account for unexpected population structure and requires that each sequenced individual is assigned to a single population, an assumption that might not be valid. To verify our findings by overcoming the limitations of F ST , we utilized an approach based on principal component analysis (PCA) on the calculated major allele frequencies [22] , under the assumption that SNPs that are highly correlated with underlying population structure are candidates for local adaptation. We screened the top 20 differentiated SNPs (FDR-corrected pvalue <0.07, k=2). Of those, only 2 SNPs were differentiated between the resistant and Given the size and the strength of the signature of selection that we identified, we hypothesized that genes other than para could be involved in insecticide resistance. Of the genes in the sweep, the chain of three cytochrome P450 genes (CYP6B54, CYP6B55 and CYP6B56) are strong candidates, given that genes in this sub-family have been implicated in pyrethroid resistance in other species [23] [24] [25] . Tandem clusters of P450s are likely recent duplications that have persisted due to their adaptive value. We compared syntenic regions of A. transitella and Bombyx mori (the domestic silkworm) and found only one B. mori P450 (CYP6B29) adjacent to para. In the Old World bollworm Helicoverpa armiguera, however, there is also a chain of three CYP6B-subfamily genes just adjacent para, these same P450s that were previously associated 1 0
with pyrethroid resistance in this species [23, 24] (Figure 4 ). Available RNA-seq data (NCBI accession: PRJNA548705), shows that transcripts for CYP6AB54, CYP6AEB55, and CYP6AB56 are highly constitutively expressed in samples from both ALM and R347 populations (i.e. up to tenfold higher than the average counts per million in the region); in bifenthrin-treated individuals from the R347 resistant population, CYP6AB56 transcript levels are upregulated up to 1.6 fold relative to non-treated individuals (Supplementary Material: Table   S5 and Figure 1C ).
Bioassays and analysis of historical data on insecticide usage:
To determine the functional significance of the identified genomic signatures, we compared levels of resistance to bifenthrin and DDT in ALM and R347 with CPQ, a strain that lacks the [26] . There was no difference in LC50 values for DDT between the ALM and the R347 populations, both displaying relatively high resistance to DDT (LC50=259.85 and 310.33 ppm, respectively) compared to CPQ (LC50 =25.32 ppm) ( Table 3 ). The data shows a direct correlation between the presence of kdr and DDT resistance but not between kdr and bifenthrin resistance.
To gauge the level of selective pressure exerted by bifenthrin usage in the sampled populations, we reviewed historical patterns pesticide usage using data from the California Applications of bifenthrin per pound, however, were higher in Kern County throughout this period, except in 2012 ( Figure 5 ). From 2009 to 2013, the number of registered products containing bifenthrin that were applied in almond orchards increased from 1 to 13 (Supplementary Material, Table S6 ). By 2017, 19 products containing bifenthrin were used to treat almond orchards.
Discussion
A classic hallmark of positive selection is a reduction in nucleotide diversity in genome regions flanking genes that have been the targets of such selection [27] . This shift in allele frequencies, or "selective sweep" [28] , is dependent on recombination rates in the genomic region as well as In the navel orangeworm, a crop pest regularly subjected to repeated, widespread, heavy use of a single insecticide, we have confirmed the existence of a large (~1. phosphomevalonate kinase and Krüppel-like-9 transcription factor, among others. Of these, only cytochrome c oxidase has been directly associated with pyrethroid resistance in an insect [37] .
The Krüppel-like-9 transcription factor, however, has been implicated in regulation of P450 expression in mammals [38] , and it showed segregating non-silent mutations that differ between the resistant and both susceptible strains. To the right of the sweep, where only R347 retains low nucleotide diversity, in addition to a gene encoding a small conductance calcium-activated potassium channel (SkCa2), there are two uncharacterized proteins and an extensin-like proteincoding gene. Although calcium and chloride ion channels have recently been found to be affected by pyrethroids in mammals [39] , to date there is no evidence that insect SkCa2 channels are targeted by pyrethroids.
The first gene in the hard-sweep region is para (paralytic), with the mutation that confers partial resistance to pyrethroids (kdr) in all three sequenced populations. The kdr locus has long been associated with resistance both to DDT and to other neurotoxic insecticides, including pyrethrins and pyrethroids [40, 41] , in many insects; kdr maps to a single recessive point mutation, resulting in an amino acid substitution from L to F in the S6 transmembrane segment of domain II of the para protein, which is a voltage-gated sodium channel, the main target of pyrethroids and DDT [42] . The kdr mutation is present in ALM, FIG, and R347 strains and absent in the reference genome and in the CPQ strain. Our bioassay results showed that resistance to DDT is highly correlated with the presence of the kdr mutation (Table 3 ). However, differences in resistance to bifenthrin do not completely correlate with the kdr mutation in the sequenced populations, indicating that additive factors are involved in resistance outcomes, including other beneficial mutations that might be responsible for the large selective sweep.
The para gene is followed by a cluster of three cytochrome P450 genes (CYP6B53, CYP6B54 and CYP6B56), where CYP6B56 has a π value of zero in R347. Although the precise substrate specificity of these P450s has not been defined, they belong to a CYP subfamily associated in other lepidopterans with pyrethroid metabolism [43] and pyrethroid resistance [25, 44] . Assays with piperonyl butoxide, a P450 synergist, have implicated these enzymes in pyrethroid detoxification in A. transitella [12] . Because there are no mutations in the coding sequences in these P450s in any of the sequenced strains, if their function has been the target of selection the causal variant may be located in a regulatory region. The fact that these three P450s are present as a tandem cluster indicates that they originated by duplication, an additional indication of their adaptive value.
The insecticidal properties of DDT were discovered in 1939. DDT was heavily used by the military for vector control during World War II. Its release to civilian populations in 1945 led to widespread adoption for use against agricultural pests until 1972, when virtually all federal registrations for its use in the USA were cancelled by the Environmental Protection Agency.
Despite its curtailed use, DDT and its derivatives remain in the environment, persisting in the soil as contaminants and moving from there across trophic levels and geographic regions [45] . 
Conclusions:
Using a population genomics approach, we identified an unusually large selective sweep that spans several populations of the A. transitella genome. We conclude that this sweep is the result of previously selected regions that compounded with the recent heavy application of pyrethroids in the Central Valley of California. These findings provide evidence that decisions based on pest control are affecting the genomic landscape of insects, possibly leading to a stacking of resistance genes that could potentiate the increase in resistance and survival. Our study exemplifies the ability of humans to alter and accelerate the pace of evolutionary change in target species [50] . Driven by short-term economic gain, decisions on pesticide usage are increasing the environmental and economic costs of food production, leading to a long-term damage.
Methods:
Materials and Methods
Genome re-sequencing:
The 
Alignment, SNP calling and calculation of population genomic parameters
Reads were trimmed for residual adapters and quality using trimmomatic v. 0.32 [51] .
The trimmed reads were aligned to the A. transitella reference genome (NCBI accession Bias can also be introduced during the PCR amplification step before sequencing [56] . Even though F ST calculation in Popoolation2 implements a bias correction [55] , the estimates are still deemed biased according to Hivert et al. [57] . For that reason, to validate our F ST estimates, the synchronized file with data from the three populations obtained using 'mpileup2sync.jar' from Pooplation2 software (see above section), was converted to a pooldata object for the "Poolfstat" v. 1.0.0 R package (https://cran.r-project.org/web/packages/poolfstat). Both methods had similar results, but Popoolation2 does not report overall F ST between populations, we report results from both packages. 'Pcadapt' v. 1.1 (50) was used to detect the outlier SNPs based on Principal Component Analysis (PCA). In PCAdapt, z-scores were calculated based on the original set of SNPs using K = 2 principal components. Outliers were then identified on the z-scores vector using Mahalanobis distances. The distances were transformed into P-values assuming a chisquare distribution with K degrees of freedom [22] .
Sanger sequencing the para locus in laboratory strains:
For SPIRL-1996, we obtained genetic material from frozen whole-body fifth instar larvae, as the strain is no longer available as a laboratory colony. DNA was extracted using an E.Z.N.A.® insect DNA kit (Omega Bio-tek, Norcross, GA) according to the manufacturer's instructions. For the CPQ strain, we utilized existing midgut cDNA sampled from ten different individuals; The available CPQ cDNA was previously prepared from total RNA derived from midguts of fifthinstar larvae fed on semi-synthetic diet using a Protoscript II kit (NEB, Ipswich, MA). PCR was carried out on both strains using primers designed to flank the region of the kdr mutation in the para gene (Forward 5'-ACCAAGGTGGAACTTCACAGAT -3' Reverse 5'-AGCAATTTCAAGAAGTCAGCAACA -3'). PCR amplicons were sequenced and sequences were aligned to the reference to verify the presence or absence of the mutation.
Insecticide bioassays:
To establish the median-lethal concentrations (LC 50 ) for bifenthrin and DDT in the sequenced strains, we used feeding assays with semi-synthetic artificial diet [58] . Bifenthrin (Chem Service Inc., West Chester, PA), or DDT (Sigma-Aldrich Co., St. Louis, MO) was stirred into the diet at different concentrations for each strain and poured into separate 1-oz (28 ml) cups to set.
Treatments and concentrations were: bifenthrin in methanol -ALM: 2 ppm, 5 ppm, 10 ppm, 12 ppm, 15 ppm, 24 ppm; DDT -ALM: 50 ppm, 100 ppm, 200 ppm, 300 ppm, 400 ppm; bifenthrin   -R347: 8 ppm, 16 ppm, 24 ppm, 48 ppm, 75 ppm; DDT -R347: 50 ppm, 100 ppm, 200 ppm,   300 ppm, 400 ppm; DDT -CPQ: 10 ppm, 20 ppm, 35 ppm, 50 ppm, 75 ppm, 100 ppm. Four neonates were transferred with a soft brush into each plastic cup containing bifenthrin or methanol as the solvent control. Twenty larvae from each strain were exposed to their respective bifenthrin or DDT concentrations and each assay was replicated three times per concentration.
Neonate mortality on diets was assessed after 48 h and scored according to a movement response after being touched by a soft brush. Probit analysis (SPSS version 22, SPSS Inc., Chicago, IL) was applied to identify median-lethal concentrations (LC 50 ). Differences between populations were considered significant if their respective 95% confidence intervals in the Probit analysis did not overlap. We were unable to perform these assays with the FIG strain because we did not establish a colony from the population used for sequencing; however, for the purposes of comparison we cited the bifenthrin LC 50 established in our laboratory by Bagchi et al. [26] .
Obtaining pesticide application data:
Records The region shows the para sodium channel gene models next to the cytochrome P450s from the CYP6B subfamily. Both A. transitella and H. armigera are pest species that have been exposed to heavy insecticide usage. 
